Parkinson's disease (PD) is a neurodegenerative disorder characterized by selective loss of dopaminergic neurons and the presence of Lewy bodies. Previous reports have shown that ␣-synuclein deposited in brain tissue from individuals with synucleinopathy is extensively phosphorylated at Ser-129. Here, we investigate the role of phosphorylation of ␣-synuclein in the formation of inclusions involving synphilin-1 and parkin using site-directed mutagenesis to change Ser-129 of ␣-synuclein to alanine (S129A) to abolish phosphorylation at this site. Coexpression of wild-type ␣-synuclein and synphilin-1 in human neuroblastoma SH-SY5Y cells yielded cytoplasmic eosinophilic inclusions with some features resembling Lewy bodies, whereas coexpression of S129A ␣-synuclein and synphlin-1 formed few or no inclusions. Moreover, coexpression of parkin with ␣-synuclein and synphilin-1 formed more ubiquitinated inclusions, but these inclusions decreased with expression of S129A ␣-synuclein instead of wild-type ␣-synuclein. Coimmunoprecipitation assays revealed a decreased interaction of S129A ␣-synuclein with synphilin-1 compared with wild-type ␣-synuclein. Expression of S129A ␣-synuclein instead of wild-type ␣-synuclein also decreased the association of synphilin-1 and parkin and subsequently reduced the parkin-mediated ubiquitination of synphilin-1 and the formation of ubiquitinated inclusions. Treatment of SH-SY5Y cells with H 2 O 2 increased ␣-synuclein phosphorylation and enhanced the formation of inclusions formed by coexpression of ␣-synuclein, synphilin-1, and parkin, whereas treatment with the casein kinase 2 inhibitor 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole had the opposite affect. These results indicate that phosphorylation of ␣-synuclein at S129 may be important for the formation of inclusions in PD and related ␣ synucleinopathies.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by tremor, rigidity, and bradykinesia. The two pathological hallmarks of PD are selective loss of dopaminergic neurons in the substantia nigra and the presence of cytoplasmic eosinophilic inclusions termed Lewy bodies (Pollanen et al., 1993; Galvin et al., 1999; Chung et al., 2001b; Taylor et al., 2002; Braak et al., 2003; Dawson and Dawson, 2003) . ␣-Synuclein is a major protein component in Lewy bodies and Lewy neurites of sporadic PD (Spillantini et al., 1997 (Spillantini et al., , 1998 Spillantini and Goedert, 2000; Kahle et al., 2001; Kotzbauer et al., 2001; Forman et al., 2004) . Three different mutations in the ␣-synuclein gene (A53T, A30P, and E46K) cause autosomal-dominant hereditary PD (Polymeropoulos et al., 1997; Farrer et al., 1998; Kruger et al., 1998; Zarranz et al., 2004; Greenbaum et al., 2005) . Recent reports have shown that ␣-synuclein in Lewy bodies is hyperphosphorylated at S129, the major phosphorylation site of ␣-synuclein Hasegawa et al., 2002) . Hyperphosphorylated ␣-synuclein at S129 is also present in synucleinopathy lesions in ␣-synuclein transgenic mice and flies Neumann et al., 2002; Takahashi et al., 2003) . These reports suggest a role for phosphorylation of ␣-synuclein in PD pathogenesis.
Lewy bodies are a permanent pathologic hallmark of PD, but the underlying molecular mechanisms leading to the formation of Lewy bodies are poorly understood (Galvin et al., 1999) . We reported previously that synphilin-1, a protein that interacts with ␣-synuclein (Engelender et al., 1999) , is highly enriched in Lewy bodies (Wakabayashi et al., 2000) . Cotransfection of ␣-synuclein and synphilin-1 in human embryonic kidney 293 (HEK 293) cells yields cytoplasmic eosinophilic inclusions resembling Lewy bodies (Engelender et al., 1999; Lee et al., 2004) . We also identified synphilin-1 as a substrate of parkin (a ubiquitin ligase, also present in Lewy bodies) (Chung et al., 2001a; Shimura et al., 2001; Schlossmacher et al., 2002) . Recently, we demonstrated that parkin mediates the ubiquitination of proteins within the inclusion predominantly via lysine 63-linked polyubiquitin chain formation and showed that lysine 63-linked ubiquitination of synphilin-1 did not lead to synphilin-1 degradation but instead enhanced the formation of ubiquitinated inclusions (Lim et al., 2005) . However, whether the phosphorylation of ␣-synuclein influences the formation of these cytoplasmic inclusions is unclear.
In this study, we investigated the role of ␣-synuclein phosphorylation in the formation of eosinophilic cytoplasmic inclusions using cultured cells. Expression of S129A ␣-synuclein (a mutant that cannot be phosphorylated at S129) decreased the formation of eosinophilic inclusions in cytosol arising from coexpression of synphlilin-1, relative to what was seen when expressing wild-type ␣-synuclein. Furthermore, expression of S129A ␣-synuclein instead of wild-type ␣-synuclein reduced the ubiquitinated inclusions formed by coexpression parkin and synphilin-1. Treatment with H 2 O 2 increased ␣-synuclein phosphorylation and enhanced the formation of cytoplasmic inclusions, whereas treatment with the casein kinase 2 (CK2) inhibitor 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB) decreased these effects. These results strongly support the notion that phosphorylation of ␣-synuclein at S129 may be important for inclusion formation in PD pathogenesis.
Materials and Methods
Reagents. Media for cell culture and LipofectAMINE Plus reagent were from Invitrogen (Carlsbad, CA). Anti-␣-synuclein monoclonal antibody (directed against amino acids 15-123 of rat ␣-synuclein but exhibiting good reaction with human ␣-synuclein) was from BD Biosciences (Palo Alto, CA). Anti-ubiquitin polyclonal antibody was from Dako (High Wycombe, UK); anti-myc polyclonal antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA); anti-phospho-S129 ␣-synuclein antibody was developed as described previously . Cyanine 3 (Cy3)-conjugated goat anti-mouse IgG and fluorescein (FITC)-conjugated goat anti-rabbit IgG were from Jackson ImmunoResearch (West Grove, PA). H 2 O 2 was from Sigma (St. Louis, MO); DRB was from Biomol (Plymouth Meeting, PA); 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylmercapto) butadiene (U0126) was from Promega (Madison, WI); and wortmannin, 9,12-epoxy-1H-diindolo(1,2,3-fg:3Ј,2Ј,1Ј-kl)pyrrolo (3,4-i)(1,6)benzodiazocine-10-carboxylic acid,2, 3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-, hexyl ester, (9␣,10␤,12␣) (KT5720), and 3- [1-[3-(amidinothio) propyl]-1H-indol-3-yl]-3-(1-methyl-1H-indol-3-yl)maleimide bisindolylmaleimide IX, methanesulfonate (Ro-318220) were from Calbiochem (La Jolla, CA).
Plasmids, site mutation, and transfection. Plasmids expressing ␣-synuclein, myc-synphilin-1, Flag-parkin, and mutant Flag-parkin (T240R, P471L, and Q311stop) were described previously (Engelender et al., 1999; Chung et al., 2001a) . The QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to make point mutations of ␣-synuclein S129A and S129E, according to the manufacturer's protocols. All of the resulting constructs with the S129 site alteration were confirmed by sequencing. Transient transfections were performed with LipofectAMINE Plus (Invitrogen) according to the manufacturer's protocol.
Cell cultures, immunoprecipitation, and Western blot analysis. Undifferentiated human neuroblastoma SH-SY5Y cells were grown in DMEM containing 10% fetal bovine serum, 1ϫ minimal essential medium nonessential amino acids, and 1ϫ antibiotic-antimycotic (100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml Fungizone) at 37°C under 5% CO 2 /95% air. Transfected cells were harvested in lysis buffer A [20 mM HEPES, pH 7.4, 2 mM EGTA, 50 mM ␤-glycerol phosphate, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM Na 3 VO 4 , and 5 mM NaF] as Triton-soluble fractions. Triton-insoluble fractions, which mainly contained the aggregated proteins, were dissolved in buffer A containing 2% SDS. Immunoprecipitations (IPs) from the transfected cell lysates were performed with anti-myc or antihemagglutinin (anti-HA) antibody and protein G PLUS/protein A-agarose (Amersham Biosciences, Arlington Heights, IL), then washed six times in lysis buffer A. The resulting immunoprecipitates and cell lysates were resolved on 4 -12% NuPAGE Bis-Tris gels or 10% SDS Trisglycine gels and transferred onto polyvinylidene difluoride membranes (Invitrogen). The membranes were blocked in TBST (10 mM Tris-HCl, pH 7.4,150 mM NaCl, 0.1% Tween 20) containing 5% nonfat milk and then probed with different antibodies. Proteins were detected by using enhanced chemiluminescence reagents (NEN, Boston, MA).
Hematoxylin and eosin staining, immunohistochemistry, and thioflavin S staining. We performed hematoxylin and eosin (H & E) staining according to the manufacturer's instructions (Sigma). For immunohistochemistry, cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.2% Triton X-100 for 15 min at room temperature and processed as described previously (Tanaka et al., 2001) . Cell preparations were incubated with primary antibodies anti-␣-synuclein, antimyc, anti-phospho-S129 ␣-synuclein, or anti-ubiquitin, then with secondary antibodies Cy3-conjugated anti-mouse or FITC-conjugated antirabbit, nuclei were stained with 4Ј,6-diamidino-2-phenylindole, and all signals were analyzed by fluorescence microscopy (Axiovert 100; Zeiss, Oberkochen, Germany). For thioflavin S staining, transfected cells were washed with PBS and incubated with 0.01% thioflavin S (Sigma) for 8 min; cells were then fixed with 4% paraformaldehyde for 30 min for subsequent immunohistochemistry. The number of cells with eosinophilic inclusions or inclusions positive for both anti-ubiquitin and antiphospho-S129 ␣-synuclein were counted in six different fields with ϳ1000 cells in each experimental condition. Counts were done by an investigator blind to the experimental condition.
Immunoelectron microscopy. Seventy-two hours after transfection, cells were fixed in 4% paraformaldehyde plus 0.05% glutaraldeyde plus 0.1 M phosphate buffer, pH 7.2-7.2, overnight at 4°C. Cells were gently scraped and pelleted after a 30 min rinse in wash buffer (0.1 M phosphate plus 3% sucrose), then incubated for 30 min with 0.12% tannic acid (Mallinkrodt, Paris, KY). Cells were stained en bloc with 2% uranyl acetate in maleate for 30 min. After dehydration in ethanol, cells were embedded in LR Gold. Polymerized blocks were trimmed and cut into Figure 1 . Alteration of S129 site in ␣-synuclein. A, Schematic diagram of the ␣-synuclein construct. CMV, Cytomegalovirus. B, Cells were transfected with wild-type ␣-synuclein, S129A ␣-synuclein, or S129E ␣-synuclein, with or without A30P and A53T mutations, for 48 h. Cell lysates were subjected to immunoblotting using anti-␣-synuclein or anti-phospho-S129 ␣-synuclein antibodies. WB, Western blot.
70 -80 nm sections collected on formvarcoated 200 mesh nickel grids. For immunolabeling, grids were treated with 50 mM NH 4 Cl in TBS buffer (50 mM Trizma base plus 150 mM NaCl, pH 7.4), blocked in 1% BSA/0.5% fish gelatin/TBST (10 mM Tris plus 500 mM NaCl plus 0.05% Tween 20, pH 7.2), and incubated with primary anti-phospho-␣-synuclein antibody and with 12-nm gold-conjugated secondary antibody. Imaging was performed on a Phillips (Eindhoven, The Netherlands) CM 120 Transmission electron microscope operating at 80 kV.
Data analysis. Quantitative data are expressed as the arithmetic means Ϯ SE based on at least three separate experiments performed in duplicate. The difference between two groups was statistically analyzed by Student's t test or an ANOVA (one way). A p value Ͻ0.05 was considered significant.
Results

Alteration of S129 site in ␣-synuclein
To study the role of phosphorylation in ␣-synuclein-mediated inclusion formation, the S129 residue in ␣-synuclein was mutagenized to alanine to abolish the phosphorylation site. As a comparison, we also mutagenized this site to glutamate, containing a negative charge, which mimics some of the effects of phosphorylation. We generated constructs with either the S129A or the S129E alteration using vector pRK5 containing wild-type ␣-synuclein or the PD-related mutations A53T or A30P of ␣-synuclein (all possible combinations resulting in nine different constructs, which were confirmed by sequencing).
The constructs were transiently transfected into SH-SY5Y cells for 48 h, followed by 24 h of serum withdraw. Cells were then harvested, and cell lysates were subjected to duplicate immunoblotting using anti-phospho-S129 ␣-synuclein and anti-␣-synuclein antibodies to detect phosphorylated and total ␣-synuclein, respectively. As depicted in Figure 1 B, the anti-phospho-S129 ␣-synuclein antibody detected phosphorylated ␣-synuclein but not S129A ␣-synuclein or S129E ␣-synuclein. All of the constructs expressed similar levels of ␣-synuclein.
Expression of S129A ␣-synuclein decreases the formation of cytoplasmic eosinophilic inclusions Because coexpression of ␣-synuclein and synphilin-1 yields cytoplasmic eosinophilic inclusions (Engelender et al., 1999) , we studied the effect of ␣-synuclein phosphorylation on the formation of inclusions. When constructs encoding wild-type ␣-synuclein and synphilin-1 were cotransfected into SH-SY5Y cells for 72 h, we observed the formation of cytosolic phase-dense eosinophilic inclusions ( Fig. 2A , middle), as described previously (Engelender et al., 1999) . However, cells cotransfected with constructs encoding S129A ␣-synuclein and synphilin-1 had few or no inclusions ( Fig. 2A , right), compared with the ϳ6% of cells that had cytosolic eosinophilic inclusions when cotransfected with constructs encoding ␣-synuclein and synphilin-1 (Fig. 2B ). Because the transfection efficiency was 30 -50% (data not shown), the percentage of cells expressing ␣-synuclein and synphilin-1 that develop inclusions was probably 12-20%. In contrast, only ϳ0.5% of cells had eosinophilic inclusions in the transfection group receiving the constructs encoding S129A ␣ synuclein and synphilin-1 and in the group transfected with vector alone (pRK5) (Fig. 2B) . Furthermore, we observed that coexpression of S129E ␣-synuclein and synphilin-1 resulted in a similar percentage of cells with inclusions as did coexpression of wild-type ␣-synuclein and synphilin-1. S129E ␣-synuclein may mimic some of the effects of phosphorylation as a result of the presence of the negatively charged residue. These results indicated that phosphorylation of ␣-synuclein at S129 enhanced eosinophilic inclusion formation.
To further study these cytoplasmic eosinophilic inclusions formed by coexpression of wild-type ␣-synuclein and synphilin-1, we performed double immunostaining for ubiquitin and ␣-synuclein or S129 phosphorylated ␣-synuclein costaining with thioflavin S im- Figure 2 . Expression of S129A ␣-synuclein decreases cytoplasmic eosinophilic inclusion formation. Cells were cotransfected with myc-synphilin-1 along with ␣-synuclein, S129A ␣-synuclein, or S129E ␣-synuclein. Seventy-two hours later, cells were subjected to H & E staining or immunocytochemical analysis. A, Representative cells stained with H & E show cytoplasmic eosinophilic inclusions. B, Cells with cytoplasmic eosinophilic inclusions were counted. Data are shown as the means Ϯ SE from three separate experiments performed in duplicate. *p Ͻ 0.05 versus cells cotransfected with wild-type (WT) ␣-synuclein and mycsynphilin-1. C, Representative images of immunocytochemical analysis and thioflavin S staining in cells coexpressing wild-type ␣-synuclein and myc-synphilin-1. D, Cells were cotransfected with myc-synphilin-1 and A30P or A53T ␣-synuclein with or without the S129 site alteration for 72 h. Cells with inclusions were counted and shown as the means Ϯ SE for three separate experiments performed in duplicate. *p Ͻ 0.05 versus cells cotransfected with myc-synphilin-1 and A30P or A53T ␣-synuclein. munohistochemistry analysis. As depicted in Figure 2C , these inclusions stained positive when using anti-␣-synuclein, antisynphilin-1,anti-phospho-S129 ␣-synuclein, and anti-ubiquitin antibodies similar to Lewy bodies. We found that ϳ90% of ␣-synuclein/synphilin-1 inclusions also exhibited phospho-S129␣-synuclein immunoreactivity. Previous reports showed that thioflavin S-positive staining in inclusions of rat cortical neurons with fibrillar structure (Rideout et al., 2004) , a feature that is also present in Lewy bodies . We found that ϳ95% of phospho-S129 ␣-synuclein inclusions also stained positive for thioflavin S in our cell model (Fig. 2C, bottom) . Furthermore, by immunoelectron microscopy, in cells coexpressing wild-type ␣-synuclein and synphilin-1, some fibrillar material in the inclusions stained positive when using an anti-phospho-S129 ␣-synuclein antibody (Fig. 3) . Electron-dense cytoplasmic inclusions (1-5 M in diameter) were identified that contained 7-12 nm filaments. Some filaments stained positive by anti-phospho-S129 ␣-synuclein antibody, whereas others did not. The filaments that did not label by anti-phosphorylated ␣-synuclein antibodies may contain other neurofilament proteins or perhaps contain phosphorylated ␣-synuclein that failed to bind the antibody as a result of limited epitope availability. Moreover, we also observed some phospho-S129 ␣-synuclein-positive granular and amorphous components. In contrast, when constructs encoding S129A ␣ synuclein and synphilin-1 were cotransfected, or when the vector alone (pRK5) was transfected into cells, virtually none of these cells contained thioflavin S-positive inclusions or fibrillar inclusions staining with anti-phospho-S129 ␣-synuclein antibody, as determined by immunoelectron microscopy (data not shown).
A30P and A53T mutations in ␣-synuclein cause autosomal-dominant familial PD (Polymeropoulos et al., 1997; Kruger et al., 1998) . To investigate the effect of PD-associated mutations of ␣-synuclein in the formation of these inclusions, cells were cotransfected for 72 h with myc-synphilin-1 and A30P or A53T ␣-synuclein with or without the S129 alteration. As shown in Figure 2 D, the percentage of cells with inclusions was not altered by the PD-associated ␣-synuclein mutations. These results indicate that PDrelated mutations of ␣-synuclein do not alter the effect of phosphorylation on inclusion formation.
Expression of S129A ␣-synuclein decreases the formation of ubiquitinated inclusions Previously, we reported that coexpression of parkin, synuclein, and synphilin-1 resulted in the formation of ubiquitinpositive cytosolic inclusions in HEK 293 cells (Chung et al., 2001a) . Here, cotransfected Flag-parkin, ␣-synuclein, and mycsynphilin-1 into SH-SY5Y cells for 72 h resulted in a dramatic increase in the formation of ubiquitinated inclusions with fibrillar structure by immunoelectron microscopy (data not shown) and immunohistochemistry assay, compared with what was seen in cells cotransfected only with ␣-synuclein and mycsynphilin-1 (Fig. 4 A) . The number of cells containing multiple inclusions also significantly increased with parkin cotransfection (Fig. 4 B) . However, when familial-linked parkin mutant constructs (T240R, P437L, and Q311 stop) were cotransfected with ␣-synuclein and myc-synphilin-1, cells with ubiquitinated inclusions decreased to the level of cells cotransfected only with ␣-synuclein and myc-synphilin-1 (Fig. 4C,D) . These results indicated that expression of wild-type, but not mutant, parkin promoted the formation of ubiquitinated inclusions.
To study the effect of alteration of S129 site in ␣-synuclein on the formation of these ubiquitinated inclusions, SH-SY5Y cells were cotransfected for 72 h with myc-synphilin-1, Flag-parkin, and ␣-synuclein, S129A ␣-synuclein, or S129E ␣-synuclein. As shown in Figure 4 E, there was a fourfold decrease in cells with ubiquitinated inclusions when expressing of S129A ␣-synuclein compared with what was seen when expressing wild-type ␣-synuclein or S129E ␣-synuclein. These results indicate that Immunoelectron microscopy analysis of inclusions in transfected cells. Cells were cotransfected with myc-synphilin-1 and ␣-synuclein, S129A ␣-synuclein, or S129E ␣-synuclein, and 72 h later, cells were subjected to immunoelectron microscopy. A and D-F are representative images of different shape cytoplasmic inclusions in cells coexpressing myc-synphilin-1 and wildtype ␣-synuclein. B represents a higher magnification of the rectangle in A. C and G represent the higher magnification of rectangles in B and F, which shows the gold-labeled filaments by using phospho-␣-synuclein antibody.
phosphorylation of ␣-synuclein at S129 enhanced the formation of ubiquitinated inclusions.
We have shown previously that ␣-synuclein interacts with synphlin-1, and parkin interacts with and ubiquitinates synphilin-1 (Engelender et al., 1999; Chung et al., 2001a) . Recently, we found that parkin ubiquitination of synphilin-1 within ubiquitinated inclusions formed by coexpression of ␣-synuclein, synphlin-1, and parkin occurs predominantly via K63-linkaged ubiquitination (Lim et al., 2005) . To further study whether phosphorylation of ␣-synuclein alters the interaction among ␣-synuclein, synphlin-1, and parkin and influences the formation of inclusions, we conducted cotransfection experiments with myc-tagged synphilin-1 and HA-tagged ␣-synuclein with or without the S129 alteration and with or without Flag-tagged parkin followed by Coimmunoprecipitation assays. Compared with wild-type ␣-synuclein, S129A ␣-synuclein showed a decreased interaction with synphilin-1, regardless of parkin expression levels (Fig. 5) . Moreover, expression of S129A ␣-synuclein decreased the association of parkin and synphilin-1 (Fig. 5B , antiparkin panel) and further decreased parkin mediatedubiquitination of synphilin-1 (Fig. 5 A, B , anti-ubiquitin panel) compared with expression of wild-type ␣-synuclein. We did not detect any interaction between parkin and ␣-synuclein (data not shown) (Chung et al., 2001a) or any ubiquitination of ␣-synuclein (all forms) by parkin in our system (Fig. 5, antiubiquitin panel) . Together, these results support the finding that expression S129A ␣-synuclein decreased the formation of these ubiquitinated inclusions.
Oxidative stress induces ␣-synuclein phosphorylation at S129 and increases the inclusion formation Oxidative stress is hypothesized to play a role in PD and other neurodegenerative diseases, potentially through the activation of kinases and other signaling cascades (Hashimoto et al., 1999; Finkel and Holbrook, 2000; Giasson et al., 2000; Kanda et al., 2000; Zhang et al., 2000; Lee et al., 2002) . To examine the role of oxidative stress on ␣-synuclein phosphorylation, SH-SY5Y cells were cotransfected with ␣-synuclein, synphilin-1, and parkin for 48 h, followed by treatment with either 100 or 150 M H 2 O 2 . Twenty-four hours later, we observed that the expression levels of ␣-synuclein, synphilin-1, and parkin was the same in all experimental conditions (data not shown), but treatment with H 2 O 2 induced a twofold to threefold increase of ␣-synuclein phosphorylation (Fig. 6 A) and a twofold increase in cells with ubiquitinated inclusions compared with untreated control cells (Fig. 6 B) . Virtually 95% of the ubiquitinated inclusions stained positive with anti-phospho-S129 ␣-synuclein antibodies (Fig. 6C) ; in contrast, H 2 O 2 treatment of cells expressing S129A ␣-synuclein had no effect on the formation of ubiquitinated inclusions (Fig.  6 A, B) . These results suggest that oxidative stress can induce ␣-synuclein phosphorylation and the inclusion formation.
CK2 inhibitor DRB blocks ␣-synuclein phosphorylation at S129 and decreases the inclusion formation Previous reports showed that residue S129 of ␣-synuclein can be phosphorylated by CK1 and CK2 (Okochi et al., 2000) . To further with ␣-synuclein, myc-synphilin-1 and Flag-parkin, or mutant parkin constructs were subjected to immunocytochemical assay 72 h later as described in A. Data are shown as the means Ϯ SE for three separate experiments performed in duplicate. *p Ͻ 0.05 versus cells cotransfected with ␣-synuclein, myc-synphilin-1, and Flag-parkin. E, Cells were cotransfected with ␣-synuclein, S129A ␣-synuclein, or S129E ␣-synuclein plus myc-synphilin-1 and Flagparkin and subjected to immunocytochemical assay 72 h later as described in A. Data are shown as the means Ϯ SE for three separate experiments performed in duplicate. *p Ͻ 0.05 versus cells cotransfected with wild-type (WT) ␣-synuclein, myc-synphilin-1, and Flag-parkin. explore the role of S129 phosphorylation on the inclusion formation, SH-SY5Y cells were transfected with ␣-synuclein, synphilin-1, and parkin for 48 h, whereupon cells were treated with 100 M H 2 O 2 in the presence or absence of 50 M DRB, a CK2 inhibitor. As observed 24 h later, DRB blocked H 2 O 2 -induced ␣-synuclein phosphorylation in both Triton X-100-soluble and -insoluble fractions (Fig. 7A) . Triton X-100-insoluble fractions were dissolved in buffer A containing 2% SDS and represent the aggregated portion of phosphorylated ␣-synuclein. Furthermore, treatment with DRB significantly decreased the number of cells with H 2 O 2 -induced ubiquitinated inclusions (Fig. 7B) . On the other hand, treatment with DRB had no effect in cells coexpressing S129A ␣-synuclein, synphilin-1, and parkin. We also observed that inhibitors of protein kinase C (PKC; Ro-318220), protein kinase A (PKA; KT5720), mitogenactivated protein kinase kinase 1 (MEK1; U0126), or phosphoinositide 3-kinase (PI3K; wortmannin) had no effect on ␣-synuclein phosphorylation (Fig. 7C) or the inclusion formation (data not shown). These results suggest that CK2 is activated by H 2 O 2 leading to S129 ␣-synuclein phosphorylation and enhances the inclusion formation .
Discussion
We studied the role of phosphorylation of ␣-synuclein in the formation of eosinophilic inclusions in cytosol arising by coexpression of ␣-synuclein, synphilin-1, and parkin. We found that expressing S129A ␣-synuclein (and thus blocking phosphorylation at S129) decreased the formation of these inclusions. Moreover, expression of S129A ␣-synuclein instead of wild-type ␣-synuclein impairs the formation of ubiquitinated inclusions formed by coexpression parkin and synphilin-1. In this regard, PD-associated mutations in parkin were also found to disrupt the formation of ubiquitinated inclusions. By coimmunoprecipitation assays, we found that S129A ␣-synuclein interacted less strongly with synphilin-1 than did wild-type ␣-synuclein. Expression of S129A ␣-synuclein also decreased the association of synphilin-1 and parkin and led to a decrease in the parkin-mediated ubiquitination of synphilin-1 compared with the effects of expressing wild-type ␣-synuclein. In addition, oxidative stress enhanced ␣-synuclein phosphorylation at S129 and increased the abundance of ubiquitinated inclusions. Finally, treatment with the CK2 inhibitor DRB blocked ␣-synuclein phosphorylation and decreased the formation of inclusions. These results provide strong evidence that phosphorylation of ␣-synuclein at S129 regulates the inclusion formation.
Human Lewy bodies are spherical eosinophilic inclusion bodies present in cytosol, which contain abnormal neurofilament proteins including ␣-synuclein. They can be found in specific regions of the nervous system, where their frequencies, size, and structures differ (Gibb et al., 1991) . The well defined human Lewy body has a central core of circular structures and a halo of radiating filaments (7-20 nm in diameter) at the periphery (Gibb et al., 1991; Giasson et al., 2000) . The cytoplasmic inclusions in the cell model described here mostly resembled Lewy bodies in PD but differed in some aspects. Like Lewy bodies, these inclusions were eosinophilic, and most of them had a round shape. They were immunoreactive to anti-phosphorylated ␣-synuclein, anti-synphilin-1, and anti-ubiquitin antibodies. Moreover, these inclusions contained thioflavin S-positive material. Using immunoelectron microscopy, most inclusions were found to contain fibrillar structures that stained positive with anti-phosphorylated ␣-synuclein antibodies. Similar to Lewy bodies, these inclusions had filaments as well as amorphous and granular aggregates. Unlike Lewy bodies, the filaments in these inclusions appeared less prominent, and not all the inclusions were round. . Oxidative stress increases ␣-synuclein phosphorylation at S129 and increases the formation of cytoplasmic inclusions. A, B, Cells were cotransfected with myc-synphilin-1, Flag-parkin, and ␣-synuclein with or without S129 alteration for 48 h and then treated with 100 M H 2 O 2 . Twenty-four hours later, cell lysates were prepared and subjected to anti-␣-synuclein and anti-phospho-S129 ␣-synuclein immunoblotting (A). WB, Western blot. Cells were subjected to immunocytochemical assay with anti-phospho-S129 and anti-ubiquitin antibodies (B). Cells with ubiquitin-positive and phospho-␣-synuclein-positive inclusions were counted. Data are shown as the means Ϯ SE for three separate experiments performed in duplicate. *p Ͻ 0.05 versus untreated cells transfected with wild-type ␣-synuclein, myc-synphilin-1, and Flag-parkin. C, Representative images of immunocytochemical assay in cells that were cotransfected with wild-type ␣-synuclein, myc-synphilin-1, Flag-parkin, or transfected with the vector alone for 48 h and were then either left untreated or were treated with H 2 O 2 for 24 h. DAPI, 4Ј,6-Diamidino-2-phenylindole.
Our findings further demonstrate that phosphorylation of ␣-synuclein at S129 enhanced the formation of eosinophilic inclusions, in keeping with recent reports that ␣-synuclein phosphorylation at S129 promotes fibril formation in vitro . Although there are four serine residues in human ␣-synuclein (at positions 9, 42, 87, and 129) (Ueda et al., 1993) , only serine 129 of ␣-synuclein is a major site of phosphorylation in synucleinopathy lesions in human brain (Okochi et al., 2000; Fujiwara et al., 2002) . By coexpression of synphlin-1 and S129A ␣-synuclein (wherein the S129 phosphorylation site is abolished) with or without parkin, we found that S129A ␣-synuclein decreased its interaction with synphilin-1 compared with wild-type ␣-synuclein. Expression of S129A ␣-synuclein instead of wildtype ␣-synuclein also decreased the association of synphilin-1 and parkin and subsequently reduced the parkin-mediated ubiquitination of synphilin-1. These results support the finding that expression S129A ␣-synuclein decreased the formation of ubiquitinated inclusions. In addition, we also found that coexpression of parkin with ␣-synuclein and synphilin-1 increased the formation of ubiquitinated inclusions (Fig. 4 A) , and familial parkin mutations T240R, P437L, and Q311 stop impaired the formation of ubiquitinated inclusions (Fig. 4C) . Together, these results suggest that phosphorylation of ␣-synuclein at S129 and parkin play an important role in the formation of ubiquitinated inclusions. Whether these inclusions protect against or contribute to cytotoxicity is the subject of intense current debate. However, a recent report shows that cells containing ␣-synuclein/ synphilin-1 inclusions are mostly present in surviving cells and less so in apoptotic cells, suggesting that these inclusions may play a protective role in cell death by sequestering toxic molecular species . In our cell model, we do not detect any toxicity (data not shown).
Oxidative stress is believed to be involved in the pathogenesis of PD and other neurodegenerative diseases (Hashimoto et al., 1999; Finkel and Holbrook, 2000; Giasson et al., 2000; Kanda et al., 2000; Zhang et al., 2000; Dev et al., 2003) . In this study, we found that treatment with H 2 O 2 in cells coexpressing ␣-synuclein, synphilin-1, and parkin enhanced phosphorylation of ␣-synuclein at S129 and significantly increased cytoplasmic inclusions, compared with untreated control cells (Fig. 4) . These results suggest that oxidative stress can enhance eosinophilic inclusion formation via phosphorylation of ␣-synuclein at S129 and may contribute to Lewy body pathology.
Previous reports have shown three kinases can phosphorylate ␣-synuclein at S129, including CK1, CK2, and G-proteincoupled receptor kinases (Okochi et al., 2000; Pronin et al., 2000) . In this study, we used DRB, a relatively specific CK2 inhibitor, to block H 2 O 2 -induced ␣-synuclein phosphorylation at S129 and found that DRB also decreased the formation of cytoplasmic inclusions induced by H 2 O 2 , whereas inhibitors of PKC, PKA, MEK1, and PI3K failed to do so (Fig. 7) . These results are consistent with reports that DRB blocks the binding of ␣-synuclein and synphilin-1 and reduces the percentage of cells that contain cytoplasmic inclusions in 293T cells . CK2s are ubiquitously expressed, constitutively active kinases, which are localized in the nucleus and the cytosol (Tuazon and Traugh, 1991; Bennett et al., 1993; Tawfic and Ahmed, 1994; Gross et al., 1995) . CK2 phosphorylation was reported to be activated in substantia nigra neurons in which dopaminergic neurons specifically degenerate during PD (Desdouits et al., 1995) . These findings, together with our data presented here, suggest that CK2 may play a role in PD pathogenesis by phosphorylation of ␣-synuclein.
Protein phosphorylation may play an important role in the pathogenesis of neurodegenerative diseases. In Alzheimer's disease, brain dysfunction and degeneration are linked to the accumulation of neurofibrillary tangles containing hyperphosphorylated microtubule-associated protein tau . Enhanced phosphorylation of tau by glycogen synthase kinase 3␤ induces filamentous tau inclusions and accelerates tau-induced neurodegeneration in transgenic flies and mice (Lucas et al., 2001; Jackson et al., 2002) . In spinocerebellar ataxia type 1, ataxin-1 is phosphorylated at serine 776. Substitution of this S776 residue with alanine (A776) greatly diminishes the ability of mutant ataxin-1 to aggregate in Chinese hamster ovary cells (Emamian et al., 2003) . Ataxin-1[82Q]-A776 transgenic mice have a reduced rate of nuclear inclusion formation and a less pathogenic phenotype as measured by rotarod performance compared with ataxin-1[82Q]-S776 transgenic mice (Emamian et al., 2003) . In a fly model, phosphorylation of S776 is required for ataxin-1 to interact with protein 14-3-3. This interaction stabilizes ataxin-1, stimulates ataxin-1 inclusion formation, and aggravates neurodegeneration in spinocerebellar ataxia type 1 flies (Chen et al., 2003) . Together, our findings regarding the phosphorylation of ␣-synuclein at S129 may reflect a common mech- Figure 7 . CK2 inhibitor DRB blocks ␣-synuclein phosphorylation at S129 and decreases the formation of cytoplasmic inclusions. A, Cells were cotransfected with ␣-synuclein, mycsynphilin-1, and Flag-parkin for 48 h and then treated with 100 M H 2 O 2 in either the presence or absence of 50 M DRB. Twenty-four hours later, Triton X-100-soluble fractions, Triton X-100-insoluble but SDS-soluble fractions, and SDS-soluble fractions (including Triton X-100-soluble and Triton X-100-insoluble fractions) of cell lysates were subjected to anti-␣-synuclein and anti-phospho-S129 ␣-synuclein immunoblotting. The experiment was repeated three times with similar results. B, Cells were cotransfected with myc-synphilin-1, Flag-parkin, and ␣-synuclein, with or without S129 alterations, for 48 h, followed by 100 M H 2 O 2 treatment in presence or absence of 50 M DRB. Cells were collected 24 h later for immunocytochemical assay with anti-phospho-S129 and anti-ubiquitin antibodies. Cells with ubiquitin-positive and phospho-␣-synuclein-positive inclusions were counted. Data are shown as the means Ϯ SE for three separate experiments performed in duplicate. *p Ͻ 0.05 versus untreated cells transfected with wild-type ␣-synuclein, myc-synphilin-1, and Flag-parkin.
# p Ͻ 0.05 versus 100 M H 2 O 2 -treated cells transfected with wild-type ␣-synuclein, myc-synphilin-1, and Flagparkin. C, Cells were cotransfected with ␣-synuclein, myc-synphilin-1, and Flag-parkin for 48 h and treated with 100 M H 2 O 2 in presence or absence of 2 M KT5720, 5 M U0126, 200 nM wortmannin, or 1 M Ro-318220. Cell lysates were prepared 24 h later and were subjected to anti-␣-synuclein and anti-phospho-S129 ␣-synuclein immunoblotting. The experiment was repeated three times with similar results.
anism underlying inclusion formation in other neurodegenerative diseases.
In summary, we show that phosphorylation of ␣-synuclein at S129 increased its interaction with synphilin-1, increased the interaction between synphilin-1 and parkin, and subsequently enhanced the parkin-mediated ubiquitination of synphilin-1 and the formation of eosinophilic cytoplasmic inclusions, which were similar, although not identical to Lewy bodies seen in neurons in PD. Our findings advance our understanding of the formation of inclusions in PD pathogenesis and in other ␣-synucleinopathy diseases.
